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SIMULATOR STUDY OF PILCrr-COWIIROLLED 
LUNAR TAKEOFT AND RENllEzVOUS 
By Charles P. Llewellyn 
Langley Research Center 
A three-degree-of-freedom, fixed-base simulation study of pilot-controlled 
lunar  t r a j ec to r i e s  from l i f t - o f f  through rendezvous w i t h  a space s ta t ion  
orbi t ing at a 10Gnautical-mile a l t i t ude  has been made. 
planar study have shown that a p i l o t  can visually determine h i s  launch t i m e  and 
effect ively manually control both vehicle a t t i tude  and main-engine cut-off t o  
a r r ive  at  the  proper a l t i t ude  and posit ion t o  successf'ully and e f f i c i en t ly  
i n i t i a t e  and complete a rendezvous maneuver. 
t h e  use of th ree  t r a j ec to r i e s  having coast angles of 24O, go0, and 1800 t h a t  a 
launch window of about 4 minutes is available. 
elrtended the  launch window t o  about 5 minutes and al leviated some of the launch 
The results of t h i s  
It has a lso been shown through 
An ear ly launch capabili ty 
on-t ime problems. 
INTRODUCTION 
Man w i l l  pa r t ic ipa te  i n  some of t h e  lunar missions, and the  degree of 
par t ic ipat ion w i l l  depend on h i s  demonstrated a b i l i t y  t o  perform various tasks  
e f f i c i en t ly  and with a high degree of r e l i ab i l i t y .  Examination of the  tasks  
which man m i g h t  perform, the  development of procedures, and the  demonstration 
of these procedures must be performed w e l l  i n  advance of t he  actual  mission. 
A large part of this work w i l l  be done on simulators. Some p i lo ted  studies of 
t h i s  type already have been made f o r  t he  guidance and control of various phases 
of a lunar mission, including rendezvous, lunar landings, and aborts. 
refs. 1 t o  4, f o r  example.) 
(See 
Another important area of investigation is that of launch from the  lunar 
surface t o  a d i r ec t  rendezvous with a lunar  orbit ing space s ta t ion.  
c r i t i c a l  t a sk  due t o  t h e  l imitat ions placed on t h e  r e l a t ive  posit ions of t h e  
satell i te and f e r ry  vehicle at launch, and the fuel available t o  perform the 
task. The purpose of t h i s  investigation w a s  t o  determine i f  a p i lo t ,  by com- 
manding vehicle a t t i t ude  and main engine thrust  level ,  could accomplish a SUC- 
cessflrl and reasonably e f f i c i en t  lunar take-off and d i rec t  rendezvous w i t h  an 
orbi t ing space s t a t ion  i n  a 100-nautical-mile o rb i t  about t he  moon with the  use 
of r e l a t ive ly  few instruments and cer ta in  visual. cues. 
study w a s  t o  f ind  a means whereby t h e  launch window could be increased and t h e  
launch on-time problems alleviated.  
This is a 
Also t h e  a i m  of th i s  
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control force, lb 
gravity a t  surface of earth,  32.2 f t /sec2 
a l t i t ude  above moon's surface, f t  o r  i n t .  n. m i .  
moment of i n e r t i a  about vehicle p i tch  axis,  slug-ft2 
lb-sec 
lb 
specif ic  impulse of rocket, 424 
distance along longitudinal axis from reaction control je ts  t o  
vehicle center of gravity, f t  
vehicle instantaneous mass, slugs 
t i m e  r a t e  of f u e l  consumption, slugs/sec 
t o t a l  f u e l  used by pi lot ,  slugs 
t o t a l  f u e l  required f o r  idea l  nominal on-time launch and 
rende zvous , slugs 
line-of-sight range from satel l i te  t o  f e r ry  vehicle, f t  o r  i n t .  n. m i .  
time r a t e  of change of line-of-sight range, f t / s ec  
radial distance from center of moon, f t  
vehicle velocity component along radius vector, f t / sec  
vehicle velocity component normal t o  radius vector, f t / s ec  
main engine rocket th rus t  along vehicle longitudinal axis, l b  
t i m e ,  sec 
t o t a l  vehicle velocity, f t / s ec  
weight of vehicle on earth,  mg,, lb 
vehicle longitudinal and v e r t i c a l  axes through vehicle center of 
gravity, respectively 
U 
2 
angle between th rus t  axis and veloci ty  vector, deg 
I . 
4 
B angle between radius vector of s a t e l l i t e  and radius vector of f e r r y  
vehicle, deg o r  rad (see fig. 1( a ) )  
7 f l ight-path angle measured between veloci ty  vector and l o c a l  hori-  
zontal, deg (see f i g .  l ( b ) )  
E elevation angle, measured between i n i t i a l  l o c a l  horizontal  and satel- 
l i t e  present position, deg 
7 
8 
angle between radius vector t o  s a t e l l i t e  and l i n e  of sight,  deg 
i n e r t i a l  p i tch  angle, measured between i n i t i a l  l o c a l  horizontal  and 
longitudinal axis ( thrus t  ax is )  of f e r r y  vehicle, deg o r  rad 
P lunar  grav i ta t iona l  parameter, ft3/sec* 
(J angle measured between thrust vector and l i n e  of sight, deg 
i n e r t i a l  range angle, measured f rom i n i t i a l  o r  launch posi t ion of 
f e r r y  vehicle t o  present i n e r t i a l  position, deg 
@ 
U S  
Subscripts: 
BO burnout conditions 
0 i n i t i a l  conditions 
S quant i t ies  re la ted t o  orbi t ing s ta t ion  
angular veloci ty  of orbi t ing space s ta t ion,  deg/sec o r  rad/sec 
192 first and second values of p i tch  rate  
A dot over a symbol indicates a derivative with respect t o  time. 
EQUA.TIONS OF MUTION 
Spacecraft motion w a s  l imited t o  the  plane of the  orb i t ing  vehicle. The 
three-degree-of-freedom equations of motions, presented i n  the  appendix, w e r e  
solved on an electronic  analog computer. It was assumed t h a t  t h e  vehicle had 
no automatic damping o r  automatic control. The p i l o t  closed the  control loop 
and had d i r ec t  input i n to  the  force and moment equations. 
The vehicle force equations were writ ten i n  polar  form w i t h  t he  or ig in  at 
the moon's center ( f ig .  l), and the moon w a s  assumed t o  be a homogeneous non- 
ro ta t ing  sphere. 
expenditure were taken in to  account; however, mass changes due t o  reaction con- 
t r o l  j e t s  were neglected since t h i s  change was negligible compared t o  m a s s  
change due t o  main engine thrus t .  
Vehicle mass and moment of i n e r t i a  var ia t ions with f u e l  
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DESCRIPTION OF S-ED VmICLE 
The configuration assumed f o r  t h i s  investigation i s  shown i n  figure 2. 
The vehicle had a large fixed engine with the  thrus t  axis along t h e  vehicle 's  
ax is  of symmetry and a m a x i m u m  th rus t  t o  i n i t i a l  mass r a t i o  (T/%) of about 
24.5 ft/sec2. 
1 2  and t o  be capable of restarts at  any time during the  mission. 
impulse Isp was assumed t o  be 424 seconds. Although these charac te r i s t ics  
may not be at ta inable  i n  practice, it w a s  of i n t e re s t  t o  invest igate  p i lo t  and 
system demands. 
The engine w a s  assumed t o  have a t h r o t t l e a b i l i t y  r a t i o  of about 
Specific 
Moment control about the  pi tch axis was assumed t o  be avai lable  f r o m  reac- 
t i o n  jets located on top  t h e  vehicle, and an acceleration command system was 
assumed t o  control vehicle a t t i tude .  
Coupling was neglected since the  control force w a s  s m a l l  and had no ef fec t  
on t h e  t ra jec tor ies .  
and assumed constant since the  center-of-gravity s h i f t  and t h e  change of i n e r t i a  
due t o  fue l  expenditure were such t h a t  t h e  term 
A torque-to-inertia r a t i o  of about 0.650/sec2 w a s  used 
2/rZ w a s  invariant.  
SIMULATOR AND ASSOCIATED EQUIPMENT 
Cockpit and Controls 
Figure 3 shows a general layout of t he  simulator. Shown on t h i s  f igure  is  
Figure 4 shows a more detai led view of t he  cockpit and controls. 
the  p i l o t ' s  couch, instrument panel, controls, and the  projection system used 
i n  the  study. 
The couch was inclined t o  give t h e  p i l o t  t h e  necessary f i e l d  of v i e w  on the  
curved portion of t he  screen. Main engine thrus t  was commanded by use of a con- 
t r o l l e r  on the p i l o t ' s  l e f t  ( f i g .  4), and th rus t  varied l inear ly  with control ler  
displacement. Pi tch a t t i t ude  was commanded by an on-off type control ler  loca- 
t e d  at the  p i lo t  ' s  r igh t .  
Instrument Display 
I n  select ing a sui table  instrument display, cer ta in  fac tors  must be con- 
sidered. Among the  most important a r e  what quant i t ies  t o  be displayed, type of 
display f o r  ease of scanning and quick interpretation, and ava i l ab i l i t y  of t he  
quantit ies displayed. Since the  present study was essent ia l ly  a dual mission - 
t h a t  is, launch from the  lunar surface and rendezvous with an orbi t ing s t a t ion  - 
it i s  apparent t h a t  the launch phase may require cer ta in  displays which may o r  
may not be necessary f o r  t he  rendezvous maneuver and vice versa. I n i t i a l  selec- 
t i o n  of instruments f o r  t h i s  investigation was based on what was believed t o  be 
the  m i n i m  display required t o  accomplish t h i s  par t icu lar  mission. 
In the i n i t i a l  phase of t he  study the  p i lo t  had the  following information 
displayed t o  him: t i m e ,  velocity, a l t i tude ,  f l ight-path angle, p i tch  rate, 
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pi tch  angle, thrust, line-of-sight range, and range ra te .  However, as the 
program progressed, a "display evaluation" was made t o  determine what instru- 
ments t h e  p i l o t  w a s  actual ly  using and what displays could be eliminated o r  
replaced by something simpler - simpler i n  the sense of the generation and 
ava i l ab i l i t y  of t h e  information. As a result, t h e  f i n a l  display configuration 
w a s  chosen i n  which t h e  p i l o t  w a s  given time, a l t i tude,  a l t i t ude  rate, thrust ,  
p i tch  rate, range, and range rate,  as is  shown i n  figures 5 and 6, and was used 
i n  t h e  invest igat ion reported herein. 
Since ra ther  good resolution was required i n  some of t h e  displayed quan- 
t i t i es  and because t h e  quant i t ies  varied over a ra ther  wide range, a br ie f  
description of t h e  quant i t ies  displayed and t h e  spec ia l  treatment given t o  
cer ta in  of these a re  as follows: 
Time: The clock w a s  a standard aircraft-type instrument w i t h  sweep second 
hand and could be read t o  an accuracy of 1/2 second. 
could be read t o  an accuracy of 1 m i l e .  
Altitude: "he altimeter w a s  calibrated from 0 t o  100 naut ical  miles and 
Thrust: The thrust- level  indicator was graduated from 0 t o  10 000 pounds 
I and could be read t o  within 100 pounds thrust .  
Pi tch rate:  The p i tch  r a t e  w a s  displayed on a sliding-type meter w i t h  
manual switching so that two scales  were available, %'.@/see and +0.20°/sec 
f ' u l l  scale, and could be read t o  an accuracy of approximately O.BO/sec and 
approximately o.OBO/sec, respectively. 
Range: Line-of-sight range w a s  displayed with manual switching available 
A l i g h t  w a s  used t o  indi- 
t o  obtain a scale  f ac to r  of 10. 
500 naut ical  miles and from 0 t o  50 nautical  miles. 
cate  the  scale  i n  use and the  quantity could be read t o  an accuracy of 5 nauti- 
ca l  miles on the high scale and t o  1 /2  nautical  mile on t h e  low scale.  
The ranges of t h e  meter were from 0 t o  
I 
I 
~ 
Range rate:  Range r a t e  w a s  displayed on a galvanometer-type instrument 
and manual switching provided three ranges to  the  pi lot :  
0 t o  1000 f t /sec,  and 0 t o  100 ft/sec. 
accuracies of 100 f t /sec,  10 f t /sec,  and 1 ft/sec,  respectively. 
0 t o  10 000 f t /sec,  
The three  scales could be read t o  
I The proper 
I scale  w a s  indicated by a series of l i g h t s  over t h e  appropriate switch position. 
I 
Altitude rate: The al t i tude-rate  instrument had a range of +450 f t / s e c  I 
~ ' and could be read t o  an accuracy of about 10 f t /sec.  
I n  addition t o  the  various instruments, t h e  p i l o t  a l so  had available charts 
showing t h e  var ia t ion of a l t i t ude  with time f o r  t h e  nominal t r a j ec to r i e s  which 
he w a s  t o  follow. 
during each f l i g h t .  
These were used t o  monitor the progress of t he  spacecraft 
I Projection System 
The projection system, shown i n  figures 3 and 4, consisted of two projec- 
t o r s  and a screen, t h e  screen being the w a l l s  that enclosed the  simulator. The 
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right-hand projector cast  a s m a l l  spot of l i g h t  t h a t  represented the  s a t e l l i t e .  
A 25-watt point source and a mirror driven by the angle 
used t o  project t he  image. The left-hand projector presented the  lunar horizon 
and the  s t a r  background. The star f i e l d  display was obtained by projecting 
l i g h t  through small perforations i n  a truncated cone. For the  lunar surface, a 
transparency depicting some surface features  w a s  made and a s l o t  cut i n  t h e  cone 
t o  accommodate it. 
a s m a l l  alternating-current power supply. 
u ( f ig .  l ( a ) )  were 
The l i g h t  source was a standard f lash l igh t  bulb powered by 
There was no range cue due t o  s i z e  change i n  the  s a t e l l i t e  projection, and 
t h e  star background presented no par t icu lar  portion of t he  c e l e s t i a l  sphere 
since it w a s  not used f o r  guidance but only f o r  i n i t i a l  launch reference and 
f o r  a t t i tude  information during the rendezvous phase. 
instrument panel, lunar horizon, and star background as seen by the p i l o t .  
Figure 5 shows the  
TRAJECTORY CONSIDERATIONS AND PILOTING PROCEDURES 
Fl ight  Task 
The fl ight task t o  be simulated w a s  t h a t  of launching from the  lunar sur- 
face and performing a d i r ec t  rendezvous with a spacecraft which was i n  a 
100-nautical-mile c i rcu lar  orb i t .  The p i l o t ' s  tasks  were t o  determine visual ly  
l i f t - o f f  time so t h a t  the  launch w a s  within the  permissible t i m e  l i m i t ,  t o  fo l -  
low a prescribed p i tch  program, and t o  maintain th rus t  long enough t o  i n s e r t  t h e  
vehicle into a coasting orb i t  which would become tangent t o  t h e  100-nautical- 
m i l e  o rb i t .  A t  t he  point of tangency the  p i l o t  w a s  t o  apply th rus t  i n  such a 
manner as t o  maintain a l t i t ude  and t o  perform the  rendezvous. 
jectory and pertinent phases of t he  mission a re  i l l u s t r a t e d  i n  f igure 7. 
were terminated when line-of-sight range and range r a t e  were reduced t o  1 t o  
2 m i l e s  and 10 t o  20 f t /sec,  respectively. 
The f l i g h t  tra- 
Runs 
Nominal Launch Trajector ies  
Since the  p i lo t  was t o  control t h e  spacecraft, it w a s  desirable  t o  develop 
A t  t he  same t i m e  it was desirable t o  simple guidance procedures f o r  launch. 
make t h e  launch economical. On t h i s  basis,  th ree  gravity-turn launch t r a j ec -  
t o r i e s  were obtained through the  use of a high-speed d i g i t a l  computer. These 
gravity-turn t r a j ec to r i e s  consisted of a powered phase t o  an a l t i t ude  of 
20 nautical  miles, a coast phase which subtended central  angles of 24O, 90°, 
and 1800, and an apocynthion of 100 naut ical  miles. 
vector orientation with time f o r  these t r a j ec to r i e s  are shown by t h e  dashed 
l i n e s  i n  f igures  8(a) ,  8(b) ,  and 8 ( c )  f o r  t h e  coast angles of 24O, go0, and 
1800, respectively. 
could be closely approximated by using l i n e a r  var ia t ions of pi tch angle with 
t i m e  as shown by t h e  solid-line curves i n  figure 8. 
by t h e  l inear  s t ep  p i tch  r a t e  were used as the  reference or  nominal t r a j ec to r i e s  
i n  t h i s  study. 
90°, and 180° from booster burnout t o  apocynthion, required th rus t  l eve ls  
The var ia t ions of t h rus t  
It w a s  found t h a t  each of these gravity-turn t r a j ec to r i e s  
The t r a j ec to r i e s  generated 
These three nominal t ra jec tor ies ,  having coast angles of 24O, 
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corresponding t o  T/Wo of 0.75, 0.45, and 0.35, respectively. The par t icu lar  
t r ans fe r  (o r  coast)  angles were chosen because it was f e l t  they covered a 
f a i r l y  wide range of t o t a l  t r i p  times, presented a reasonable cross section of 
T/Wo, and gave launch window advantages that  w i l l  be discussed i n  a subsequent 
section. 
nominal t r a j e c t o r i e s  are presented i n  table  I. 
t o r i e s  of t he  velocity, a l t i tude,  and fl ight-path angle of these nominal tra- 
jec tor ies  f r o m  launch t o  inser t ion  in to  the coasting orb i t .  
Some of t h e  important parameters associated with each of t he  three 
Figure 9 gives the  time his-  
As mentioned ea r l i e r ,  t he  rendezvous phase began at  the  end of coast with 
the  f e r r y  vehicle tangent t o  100-nautical-mile s t a t ion  orb i t .  For these nominal 
t r a j e c t o r i e s  t h e  t o t a l  fuel expenditure w a s  based on t h e  fuel required t o  a r r ive  
at  apocynthion plus the  f u e l  required t o  impulsively add the  necessary velocity 
change required i n  the  rendezvous. This quantity w a s  used as an assessment of 
t h e  pi loted runs and i s  referred t o  hereafter as the idea l  f u e l  required. 
P i l o t  Techniques 
There were three  basic phases i n  the  mission, t h e  launch, coast, and 
rendezvous. The procedures which were developed were somewhat 
d i f fe ren t  f o r  each phase and f o r  convenience a re  discussed i n  order. 
(See f i g .  7.) 
Launch phase.- The p i l o t  determined l i f t -o f f  time by observing the  posi- 
t i o n  of the  orb i t ing  s t a t ion  against  t he  s t a r  background. 
t h r o t t l e  at the proper level ,  depending on the  t r ans fe r  chosen, the  procedure 
w a s  t o  t h rus t  ve r t i ca l ly  f o r  5 seconds then hold t h e  p i tch  r a t e  at  t h e  f irst  
nominal value. A t  t he  end of a spec i f ic  time ( f i g .  8), the  p i tch  r a t e  w a s  
adjusted t o  t h e  second nominal value. Near the  end of the launch period the 
p i l o t  closely monitored the  t i m e  and a l t i tude  displays and adjusted the  p i tch  
r a t e  t o  reach nominal burnout a l t i t u d e  by the end of nominal t h rus t  termination. 
Because of t h e  l imited display, it w a s  f e l t  advisable t o  terminate the launch 
a t  the  nominal time due t o  the  sens i t i v i ty  of apocynthion a l t i t u d e  t o  launch 
burnout conditions. 
veloci ty  at  in jec t ion  r e su l t s  i n  an a l t i tude  e r r o r  of about 5000 feet a t  
apocynthion f o r  t he  1800 t r ans fe r  trajectory.  
Having set t h e  
For example, an e r ror  of about 1 f t / s e c  i n  tangent ia l  
Coast phase.- During the  coast phase the p i l o t ' s  t ask  w a s  t o  compare the 
meter readings of a l t i t ude  with those of the nominal ascent t ra jectory,  as a 
function of t h e ,  t o  obtain some measure of how w e l l  he w a s  following the 
nominal path. If departures from the  nominal were noted, the p i l o t  w a s  t o  w a i t  
u n t i l  near t h e  end of the coast, and then apply th rus t  radially t o  adjust  a l t i -  
tude t o  the  proper value. 
t h i s  phase t o  make corrections w a s  due t o  the f a c t  t h a t  near apocynthion, the  
p i l o t  could determine h i s  a t t i t u d e  more precisely by using the orbi t ing s t a t i o n  
as a cue. This general procedure did not provide f o r  accurate control of vehi- 
c l e  separation distance a t  fe r ry  apocynthion; however, t h i s  presented no major 
problem. 
The purpose of waiting u n t i l  the f i n a l  minutes of 
Rendezvous phase.- The rendezvous phase began with the  f e r r y  vehicle i n  
f ron t  of t h e  orbi t ing s t a t ion  at  about 100 naut ical  miles a l t i t u d e  w i t h  sub- 
c i r cu la r  velocity.  The basic  procedure was t o  determine v isua l ly  thrust 
c 
direct ion and with the  reaction control j e t s ,  control the  vehicle a t t i t u d e  so 
as t o  maintain a l t i t ude  while accelerating the f e r r y  t o  c i rcu lar  veloci ty  and 
simultaneously reducing f e r ry  t o  s t a t ion  separation t o  within 1 t o  2 miles. 
determining directions, t h e  p i l o t  used h i s  l i n e  of s ight  t o  t h e  orbi t ing s ta -  
t i o n  as a convenient indication of the loca l  horizontal  and l o c a l  ve r t i ca l .  
This w a s  approximately correct since the  two vehicles were about at  the  same 
a l t i t u d e  with only a few degrees of angular separation. Throughout t h i s  phase 
the  p i lo t  monitored ferry- to-s ta t ion range and range r a t e  along with the  a l t i -  
tude and a l t i tude- ra te  displays. 
I n  
RESULTS AND DISCUSSION 
The r e su l t s  presented i n  t h i s  paper were obtained w i t h  the  author a s  t he  
I n  general, t he  r e su l t s  obtained ( a f t e r  
p i lo t .  Several other subjects, including engineers w i t h  and without simulator 
experience, a lso flew the  simulator. 
a few practice runs) were comparable t o  those presented herein. 
Launch and Coast Phases 
The p i lo t  experienced l i t t l e  d i f f i c u l t y  i n  manually controll ing the a t t i -  
tude r a t e  of the  vehicle and following closely any of the  three nominal launch 
t r a j ec to r i e s .  This can be seen i n  f igure 10 which shows typica l  analog records 
of t he  velocity, a l t i tude ,  f l ight-path angle and p i tch  angle aga ins t  time f o r  
t he  launch phase of the  three t r ans fe r  t r a j ec to r i e s .  
these parameters a re  indicated i n  the  f igure by c i rc les .  
t a n t  inject ion parameters, velocity, a l t i tude ,  and f l ight-path angle at  launch 
th rus t  termination indicated some deviation from the  nominal of these quanti- 
t i e s ;  however, the deviations were small and the  p i l o t  w a s  able  t o  correct f o r  
them during the  lat ter par t  of t he  coast phase. The apocynthion a l t i t u d e  and 
veloci t ies  were generally close t o  the  nominal values. The range between the 
vehicles a t  apocynthion varied somewhat, depending on the  accuracy of launch 
t i m e ,  the  par t icu lar  t r a j ec to ry  being flown, and thrust  vector angles employed. 
The nominal values of 
Readout of the  impor- 
Rendezvous Phase 
The p i lo t  procedures which have been described f o r  t he  rendezvous phase 
had s l igh t  var ia t ions i n  technique f o r  the three t r ans fe r  t ra jec tor ies ;  t h i s  
w a s  due primarily t o  the  differences i n  closure r a t e s  between the  t a rge t  and 
t h e  f e r ry  vehicle and the  range a t  apocynthion f o r  the  three launch t r a j ec to r i e s .  
240 transfer.-  The apocynthion velocity, f o r  t he  24' t r ans fe r  t ra jec tory  
was about 3800 f t / s e c  ( t ab le  I); therefore, t he  closure rate between the  f e r r y  
and ta rge t  vehicles was about 1400 f t / sec .  
about 5 nautical  miles w a s  required at thrus t  i n i t i a t i o n  with the  assumed m a x -  
i m u m  acceleration avai lable  i n  order t o  simultaneously reduce range and range 
r a t e  t o  zero. 
fe r ry  vehicle t o  reach apocynthion with a separation distance somewhat grea te r  
than the  5 naut ical  miles, and use a reduced th rus t  l e v e l  f o r  performing the  
A minimum separation distance of 
It was found advisable t o  plan the launch time t o  permit the  
a 
#- 
rendezvous. 
t h rus t  l e v e l  and thrust vector or ientat ion angle as a function of separation 
dis tance at apocynthion ( f ig .  11). The data f o r  the f igure  were obtained on 
the bas is  that the  apocynthion veloci ty  d i f f e ren t i a l  w a s  i n i t i a l l y  about 
1400 f t / sec ,  that  both vehicles were at t h e  same al t i tude,  and that t h e  th rus t  
l e v e l  and l i n e  of s igh t  from f e r r y  t o  s ta t ion  would remain constant. Errors at 
launch th rus t  termination were s m a l l  f o r  t h i s  t r ans fe r  t r a j ec to ry  hence changes 
i n  separation a t  apocynthion due t o  launch t i m e  adjustments could eas i ly  be 
determined, since t h i s  is  simply t h e  product of t he  t a r g e t ' s  angular veloci ty  
and the launch time increment. 
A chart w a s  developed t o  a id  the  p i l o t  i n  select ing an i n i t i a l  
A t yp ica l  p i lo ted  rendezvous portion of t he  mission f o r  t he  24O t r ans fe r  
t r a j ec to ry  i s  shown i n  figure 12. 
0' and 180° transfers.- The closure rate  at apocynthion w a s  considerably 
lower'for t he  900 and 1800 t r a j ec to r i e s  (approximately 200 f t / s ec  and 
100 f t /sec,  respectively) than i n  the previous case. 
capabi l i ty  of these t ransfers  would require separation distances a t  apocynthion 
between f e r r y  and t a rge t  too  s m a l l  t o  be pract ical .  
t h e  longer coast period and higher inject ion veloci ty  required f o r  these tra- 
jec tor ies ,  s m a l l  e r ro r s  at  launch thrust  termination could cause e r rors  i n  the 
estimated range a t  apocynthion of +2 t o  4 nautical  miles. Adjusting the launch 
t i m e  t o  allow increased range at apocynthion and use of t h e  lowest assumed T/W 
st i l l  required separation distances smaller than the  flight procedure would 
allow. Therefore, a chart similar t o  the  one discussed i n  the previous sect ion 
would have been of l i t t l e  value f o r  these t ra jec tor ies .  
w a s  used f o r  t h e  rendezvous phase f o r  these t ransfer  t r a j ec to r i e s .  Upon 
reaching apocynthion, t h e  p i l o t  maintained a l t i t ude  by applying th rus t  r ad ia l ly  
w i t h  short  burs t s  of his main engine, taking advantage of h i s  closure rate t o  
reduce the  separation distance. 
a f i n a l  t h rus t  t o  bring range and range r a t e  t o  the  acceptable values. 
Use of t h e  maximum T/W 
Furthermore, because of 
The following procedure 
This w a s  followed by a t i l t -ove r  maneuver and 
Early Launch Trajectories 
A s  mentioned i n  the  preceding section, a technique w a s  used where the  
p i l o t  adjusted the launch t i m e  i n  order t o  increase separation between the tar- 
ge t  and ferry vehicles at  apocynthion. 
f l e x i b i l i t y  i n  all th ree  t r ans fe r  t r a j ec to r i e s  without appreciable fuel cost. 
This techique gave the p i l o t  g rea te r  
24' transfer.-  I n  the 24O t r ans fe r  t ra jec tory  the  p i l o t  launched early and 
took advantage of t h e  increased range at apocynthion t o  allow more time t o  
monitor t he  displays and t o  control t h e  vehicle during t h e  rendezvous maneuver. 
Looking a t  f igure 11, it can be seen that a lo lead at launch, which i s  equiv- 
a len t  t o  an increment of about 18 naut ical  m i l e s  i n  range at apocynthion, 
reduces the  acceleration required f o r  the  rendezvous by a f ac to r  of four  and 
increases t h e  rendezvous phase t i m e  proportionally. With a lead angle of about 
3 O ,  w h i c h  i s  equivalent t o  a 1-minute ear ly  launch, t h e  acceleration l e v e l  is 
reduced t o  less than 1/8 of t h e  nominal on-time launch value and the  rendezvous 
time has been increased t o  about 3 minutes as compared with about 40 seconds 
f o r  the  on-time launch case. 
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900 and 1800 t ransfers . -  For the  90° and 1800 t ransfer  t ra jec tor ies ,  the  
early-launch capabili ty assured t h a t  t he  f e r r y  vehicle would always a r r ive  at 
apocynthion with reasonable separation distances, regardless of small in jec t ion  
e r rors  a t  launch thrus t  termination. 
be used e f f ic ien t ly  and al leviated the  launch on-time problems mentioned e a r l i e r  
f o r  these t ransfer  t ra jec tor ies .  
Launches of up t o  1/2 minute ear ly  could 
The r e su l t s  of t h i s  study, f o r  both on-time and ear ly  launches, are pre- 
sented i n  figures 13 t o  15. Shown i n  f igure  13 a re  the  resu l t s  f o r  t he  on-time 
launch for  t h e  three t ransfer  t r a j ec to r i e s  investigated. 
f u e l  used i n  t h e  simulation m a  t o  t he  f u e l  required t o  perform an idea l  nomi- 
n a l  launch and rendezvous m i  i s  plot ted against t ransfer  angle fi. It can be 
seen from the  f igure t h a t  the f u e l  cost f o r  a l l  three t ransfer  t r a j ec to r i e s  w a s  
within about 3 percent of t he  idea l  value. 
The r a t i o  of t o t a l  
Figure 14 i s  a p lo t  of t he  fuel r a t i o  ma/mi against ear ly  launch margin 
and lead angle. It should be emphasized t h a t  the m i  parameter i s  f o r  an on- 
t i m e  nominal launch and rendezvous. 
transfer t ra jectory.  
i dea l  value (ma/mi = 1.0) and compare favorably with t h e  on-time launch fuel 
expenditure. Figures 14(b)  and ( c )  a re  some re su l t s  f o r  t he  90° and 1800 
t ransfer  t ra jec tor ies ,  respectively. For on-time launches and up t o  1' lead 
angle, t h e  f u e l  cost f o r  these t r a j ec to r i e s  generally w a s  a l so  less than 
3 percent. Further extension of t h e  launch margin resulted i n  excessive fuel 
usage f o r  both the  90° and 1800 t ransfers  primarily because of inef f ic ien t  
t h rus t  application using t h e  pulsing technique mentioned earlier and the  
extremely long rendezvous phase times required f o r  separations at  apocynthion 
comparable with the  24' t ransfer  (over an hour i n  some cases).  
Figure 14(a) shows the  resu l t s  f o r  t h e  24' 
Launches up t o  a minute ear ly  a re  within 3 percent of t he  
Launch Window 
The launch time margin or launch window available i s  an important opera- 
t i o n a l  parameter. Assuming the  ava i l ab i l i t y  of t he  three t ransfer  t r a j ec to r i e s  
investigated i n  t h i s  study, there  i s  a nominal launch t i m e  f o r  each t ra jec tory  
which w i l l  r esu l t  i n  an interception of t h e  orbi t ing s t a t ion  a t  apocynthion of 
t he  ascent. 
off f o r  the three t r a j ec to r i e s  i s  indicated i n  f igure 7 by the  x's. O f  these 
three  t ra jector ies ,  t he  e a r l i e s t  nominal launch t i m e  i s  tha t  time associated 
with the  24O t ransfer  and the  latest i s  the time associated with the  1800 t rans-  
fer; t h i s  results i n  a launch window of about 4 minutes. 
The re la t ive  posit ion of t he  t a rge t  and the  f e r ry  vehicle a t  lift- 
An operational procedure then would be t o  have t h e  p i l o t  prepare t o  launch 
t h e  vehicle a t  the  time associated with t h e  240 t r ans fe r  t ra jectory.  
some reason launch i s  delayed, he may w a i t  about 2 minutes and select  t he  90° 
t ransfer .  
s e l ec t  t h e  1800 t ransfer .  
If f o r  
I f  he i s  delayed even further, he can w a i t  about 2 more minutes and 
I n  figure 15, the  f u e l  r a t i o  ma/mi f o r  the  three  t ransfer  t r a j ec to r i e s  
i s  plotted against increment i n  launch t i m e  referred t o  the  nominal (on-time) 
launch f o r  the  24' t ransfer  t ra jec tory .  Also included i n  t h i s  f igure and 
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indicated by t h e  triangles a re  some typ ica l  results of the ear ly  launch f o r  t he  
240 t ransfer .  
launch (240 t r ans fe r )  and the  l a t e s t  nominal launch time (1800 t r ans fe r ) .  Fur- 
thermore, with the  ava i l ab i l i t y  of the three assumed t r ans fe r  t r a j ec to r i e s  and 
using the ear ly  launch capabi l i ty  of the 24O transfer ,  a launch window of about 
5 minutes can be realized. 
There i s  about a 4-minute window between the  e a r l i e s t  nominal 
C ONCLIJSIONS 
A fixed-base simulator study has been made t o  determine the  a b i l i t y  of a 
p i l o t  t o  launch from the  lunar  surface and rendezvous with an orbi t ing s t a t ion  
using r e l a t ive ly  f e w  instruments and cer ta in  v isua l  cues. 
t o  visual ly  determine h i s  launch time by observing the s a t e l l i t e  against the 
star background, t o  command vehicle a t t i t ude  and main engine thrus t  so as t o  
follow a predetermined launch t r a j ec to ry  from l i f t - o f f  t o  s t a t ion  a l t i tude ,  and, 
f ina l ly ,  t o  rendezvous with the  orbi t ing s ta t ion.  Three d i f fe ren t  nominal 
ascent t r a j e c t o r i e s  requiring three  different  p i tch  programs and three d i f -  
fe ren t  cut-off times were chosen. These t r a j ec to r i e s  correspond t o  t ransfer  
angles from in jec t ion  t o  an apocynthion a l t i tude  of 100 n. m i .  of 24O, goo, and 
180° with i n i t i a l  thrust-weight r a t io s  of 0.75, 0.45, and 0.35, respectively. 
The p i l o t ' s  t ask  w a s  
The study r e s t r i c t ed  the  p i l o t  t o  motions i n  a plane. 
assumed t o  have no automatic damping o r  automatic control. 
about t he  p i tch  axis, and an acceleration command system w a s  used t o  control 
vehicle a t t i t ude .  
conclusions: 
The vehicle w a s  
Moment control w a s  
Results of t h i s  investigation have l ed  t o  the  following 
1. The p i l o t  could accurately determine l i f t - o f f  time by observing the  
posi t ion of t h e  orbi t ing s t a t ion  against the  star background. 
2. With only a br ie f  amount of t ra in ing  and l imited display information, 
t h e  p i l o t  could follow closely any of the  three nominal launch t r a j e c t o r i e s  by 
commanding vehicle a t t i t u d e  and main engine thrus t .  
3 .  By using t h e  l i n e  of s ight  t o  the orbit ing s t a t ion  as an indication of 
t h e  l o c a l  horizontal  and l o c a l  ver t ica l ,  t he  p i l o t  could control vehicle a t t i -  
tude so as t o  perform successfully and e f f i c i en t ly  the  rendezvous maneuver. 
4. Assuming t h e  ava i l ab i l i t y  of the  three t r ans fe r  t ra jec tor ies ,  t h e  p i l o t  
had at h i s  disposal 
capabi l i ty  extended the  launch window t o  approximately 5 minutes. 
a launch margin of about 4 minutes. The ear ly  launch 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hanrpton, Va., January 14, 1965. 
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APPENDIX 
EQUATIONS OF MOTION 
The three-degree-of-freedom equations of motion used i n  t h i s  pi loted lunar 
referenced t o  the take-off and rendezvous simulation a re  wri t ten i n  polar form, 
center of the moon, as follows ( f i g .  l (a ) ) :  
Vehicle force and moment equations: 
Auxiliary equations ( f i g s .  l(a) and (b)): 
* .  
h = r  
112 R = (rs2 + r2 - 2rrs cos B) 
. 
R =  
r; - rs(; cos p - r; s i n  p )  
R 
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APPENDIX 
1 (r s in  p) 7 =tan -  
rs - r cos $ 
= tl + 90 + B - ( jd + e )  
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TABLE I.- SUMMARY OF IMPORTANT PARAMETERS AM) CONSTANTS 
FOR THE "3E NOMINAL TRANSFER TRAJECTORIES 
Parameter 
Transfer angle of . 1- 
h. injection. n . m i  . . . . . . . . . . . . . . . . .  
h. apocynthion. n . m i  . . . . . . . . . . . . . . . .  
Isp. lb-sec/lb . . . . . . . . . . . . . . . . . . .  
mo. slugs . . . . . . . . . . . . . . . . . . . . . .  
mB0. slugs . . . . . . . . . . . . . . . . . . . . .  
T/m. ft/sec2 . . . . . . . . . . . . . . . . . . . .  
tgO. sec . . . . . . . . . . . . . . . . . . . . . .  
tcoast. see . . . . . . . . . . . . . . . . . . . . .  
Time satell i te is i n  view from E = 0 to E at 
launch. min . . . . . . . . . . . . . . . . . . . .  
V. injection. f t / sec  . . . . . . . . . . . . . . . .  
V. apocynthion. f t / sec  . . . . . . . . . . . . . . .  
V.. 100 n . m i  . orbit. f t /sec . . . . . . . . . . . .  
7. injection. deg . . . . . . . . . . . . . . . . . .  
60. deg/sec . . . . . . . . . . . . . . . . . . . . .  
6,. deg/sec . . . . . . . . . . . . . . . . . . . . .  
62. deg/sec . . . . . . . . . . . . . . . . . . . . .  
e .  deg/sec* . . . . . . . . . . . . . . . . . . . . .  .. on-time launch. deg . . . . . . . . . . . . . . .  
h , n . m i .  . . . . . . . . . . . . . . . . . . . . .  
.. 
24.5 
100 
424 
336 
233 
240 
24.4 
171 
660 
4.4 
4317 
3791 
5230 
18.5 
0 
-1.45 
-0.037 
0.65 
17.5 
~ ~~ 
21.0 
100 
424 
336 
216 
150 
14 -46 
341 
1820 
6.45 
5455 
5029 
5230 
4.2 
0 
-1.39 
-0.11 
0.65 
36 
~~ . 
19.9 
100 
424 
336 
212 
105 
10.96 
460 
3500 
8.2 
5555 
5127 
5230 
0.4 
0 
-0.729 
-0.126 
0.65 
70 
Sa 
( a )  Reference-axis system and relat ionships  between s t a t i o n  and f e r ry .  
Figure 1.- Reference-axis system. 
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Figure 2.- Sketch of vehicle assumed in simulation. 
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Figure 8.- Comparison of powered ascent pi tch angle va r i a t ion  with time f o r  gravity-turn and 
nominal t r a j e c t o r i e s .  
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Figure 10.- Typical time h i s to ry  of a pi loted powered ascent phase. Circles  indicate  
nominal values. 
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Figure 10. - Continued . 
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Figure 12.- Time history of a t y p i c a l  p i lo t ed  rendezvous for 24O t r a n s f e r  t raJectory.  
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Figure 13.- Results of piloted on-time launch and rendezvous f o r  t h ree  t r ans fe r  t r a j e c t o r i e s .  
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Figure 14.- Results of on-time and ea r ly  launches f o r  pi lot-control led t r ans fe r  
t r a j e c t o r i e s .  
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Figure 14. - Continued. 
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Figure 14.- Concluded. 
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